The reductive biotransformation of a Ni 2+ -substituted (5 mol %) hydrous ferric oxide (NiHFO) by Shewanella putrefaciens, strain CN32, was investigated under anoxic conditions at circumneutral pH. Our objectives were to define the influence of Ni 2+ substitution on the bioreducibility of the HFO and the biomineralization products formed and to identify biogeochemical factors controlling the phase distribution of Ni 2+ during bioreduction. Incubations with CN32 and NiHFO were sampled after 14 and 32 d, and both aqueous chemistry and solid phases were characterized. By comparison of these results with a previous study (Fredrickson, J. K.; Zachara, J. M.; Kennedy, D. W.; Dong, H.; Onstott, T. C.; Hinman, N. W.; Li, S. W. Geochim. Cosmochim. Acta 1998, 62, 3239-3257), it was concluded that coprecipitated/sorbed Ni 2+ inhibited the bioreduction of HFO through an undefined chemical mechanism. Mössbauer spectroscopy allowed analysis of the residual HFO phase and the identity and approximate mass percent of biogenic mineral phases. The presence of AQDS, a soluble electron shuttle that obviates need for cell-oxide contact, was found to counteract the inhibiting effect of Ni 2+ . Nickel was generally mobilized during bioreduction in a trend that correlated with final pH, except in cases where PO 4 3-was present and vivianite precipitation occurred. CN32 promoted the formation of Ni 2+ -substituted magnetite (Fe 2 III Fe (1-x) II Ni x II O 4 ) in media with AQDS but without PO 4 3-. The formation of this biogenic coprecipitate, however, had little discernible impact on final aqueous Ni 2+ concentrations. These results demonstrate that coprecipitated Ni can inhibit dissimilatory microbial reduction of amorphous iron oxide, but the presence of humic acids may facilitate the immobilization of Ni within the crystal structure of biogenic magnetite.
Introduction
As reactive components of soils and sediments, iron oxides can have an important role in controlling the behavior of trace metal cations such as Ni and Co. For example, metal cations can be strongly sorbed to iron oxide surfaces with the strength and extent of sorption being a function of factors that include metal cation type, pH, oxide mineralogy, and surface area. Also di-, tri-, and tetravalent metals may substitute for Fe to varying degrees in the structures of iron oxides; hence, the fate of the substituting metal cation is intimately tied to reactions controlling the formation and dissolution of the oxide. For example, in recent investigations, we examined the fate of Co and Fe in suspensions of a Cosubstituted goethite (Co0.01Fe0.99OOH) subjected to bioreduction by Shewanella putrefaciens CN32 (2) . Co(III) was reduced by the bacterium to Co(II) at concentrations, relative to Fe(II), proportional to its mole ratio in the oxide. The extent of solubilization of the bioreduced Co(II) was dependent upon multiple factors that included buffer type, the presence or absence of P, and the extent of reduction of the Co-FeOOH. Co(II) behavior was linked to competitive sorption reactions on the Co-FeOOH surface and coprecipitation in biogenic Fe(II) minerals. In similar studies investigating the bacterial reduction of metal-substituted goethites, the rates of bacterial dissolution of Mn-, Co-, Alor Cr-substituted goethites were slower relative to an unsubstituted goethite (3) , and only Mn and Co were solubilized at concentrations that were congruent with respect to Fe.
Amorphous hydrous iron oxide (HFO) is common in soils and sediments that undergo periodic cycling between oxidizing and reducing conditions and therefore are not subject to processes such as aging, dehydration, or heating that promote transformation to more crystalline phases. Although iron-reducing bacteria (DIRB) such as S. putrefaciens can utilize both crystalline and poorly crystalline iron oxides as electron acceptors (4-7), poorly crystalline iron oxides are more bioavailable relative to crystalline phases and are believed to be the principal forms of Fe(III) reduced by bacteria in anoxic sediments (8) . Due to their amorphous structure and relatively high surface areas, poorly crystalline oxides have a high capacity for sequestering metal cations (9) (10) (11) . However, as amorphous iron oxides convert to more crystalline forms either during aging or exposure to alkaline conditions, the transformation products may have an increased or reduced capacity for trace metal sequestration. Despite the potential importance of these processes, relatively little is known about the fate of associated trace metals during the microbial reduction of HFO (12) .
The purpose of this research was to investigate the bioreduction of Ni-substituted HFO (Ni0.05Fe0.95) by S. putrefaciens during anaerobic respiration and the partitioning of the associated Ni 2+ and Fe(II) into aqueous and solid phases as a function of buffer type and solution composition. The influence of Ni 2+ on the bioreduction process is explored along with effects of PO4 3-on biomineralization. Insights are provided into the phases controlling the solubility and, therefore, relative mobility of oxide-associated Ni 2+ as the coprecipitate is biologically reduced. This information contributes to the current understanding of the role of bacterially mediated transformations on the cycling of trace metals and the fate of metal contaminants in soils and sediments.
Materials and Methods
NiHFO was prepared similar to the procedure described by ref 13 using nitrate salts. Following precipitation at pH 7, the NiHFO suspension was "aged" at room temperature under an anoxic atmosphere for approximately 13 months. The Ni 2+ content of the final product was 5 mol % or 0.05 mol of Ni 2+ /mol of Fe. This value was well below the overall sorption capacity of HFO (0.2 mol/mol Fe) (14) . The nitrate concentration in the solution was reduced to <1 mg L -1 nitrate by extensive washing with anoxic 0.1 mol/L NaClO4.
Triplicate anoxic NiHFO (50 mmol of Fe(III)/L) suspensions were pH adjusted to range from pH 6.0 to pH 9.0 in 0.5-unit increments using dilute anoxic HCl or NaOH. Two electrolyte solutions were utilized: (i) 28 mmol/L NH4Cl, 30 mmol/L lactate, and 50 mmol/L NaClO4 or (ii) the same as i but including 4.3 mmol/L P (as NaH2PO4). The pH was adjusted on day 1 and readjusted on day 2, the aqueous phase was sampled for Ni 2+ (aq) and PO4 3- , and the final pH was determined on day 3. The suspensions were mixed at 30°C and 100 rpm. Phase separation was accomplished by transferring 3 mL of suspension to a syringe fitted with a 0.2-µm syringe filter unit. The first 1 mL of filtrate was discarded, and the remaining filtrate was collected for analysis of Ni 2+ (aq) and PO4
3-by ICP-MS. The experiment was conducted and sampled under an anoxic atmosphere to mimic the conditions of other experiments.
Anoxic suspensions of S. putrefaciens strain CN32 were prepared and used in a manner identical to previous research (7) . Media components included (in mmol/L): NH4Cl, 28; KCl, 1.34; CaCl2, 0.68; NaClO4, 50; lactate, 30; NaH2PO4, 0 or 4.3; and AQDS, 0 or 0.1. Buffers were either 30 mM NaHCO3 or PIPES, and headspace atmospheres were either 100% N2 (PIPES) or 80:20% N2:CO2 (NaHCO3). The media were filter sterilized using a 0.2-µm syringe filtration system after pH adjustment to 6.8 with NaOH.
Samples of the aqueous phase were obtained under an anoxic atmosphere by directly combining 1 mL of 0.2-µm suspension filtrate with 1 mL of anoxic 1 mol/L HCl. Sorbed Fe(II) and Ni 2+ and weak acid-soluble Fe(II)/(III) and Ni 2+ were obtained by combining 0.2 mL of suspension with 3.8 mL of anoxic 0.53 mol/L HCl, termed the 0.5 mol/L HCl extraction, and incubating at 30°C with agitation for approximately 24 h. Phase separation of the weak acid extract was accomplished using a 0.2-µm syringe filter. The first 1 mL of filtrate was discarded. Total Fe(II+III) and Ni 2+ were obtained by combining 1 mL of suspension with 0.7 mL of concentrated Ultrex HCl, termed the 5 mol/L HCl extraction. Complete dissolution of the solid phase in 5 mol/L HCl was achieved within 24 h. The suspension pH was determined under an anoxic atmosphere using a glass combination pH microelectrode (Microelectrodes, Inc., Bedford, NH).
To probe whether Ni 2+ could potentially inhibit Fe(III) reduction by S. putrefaciens CN32, two experiments were conducted, one with Fe(III)-nitrilotriacetic acid (NTA), a soluble form of Fe(III) that is readily reduced by CN32, and unsubstituted HFO, also readily reduced by CN32. For the experiments evaluating the effect of Ni on Fe(III)-NTA reduction, cultures consisted of CN32 at a cell concentration of 3 × 10 8 cells mL The concentrations of Fe(II) and Fe(total) were determined on all bioreduced and control samples using the ferrozine assay (15, 16) . The determination of Fe(II) in samples was accomplished within 2 h of sampling. The concentrations of Ni and Fe were also determined using ICP-MS.
Mo 1 ssbauer Spectroscopy. Random orientation absorbers were prepared by mixing 17-28 mg of dried sample, prepared by filtering solids from suspensions and washing with acetone, with petroleum jelly in a 0.5 or 3/8 in. thick and 0.5 in. i.d. Cu holder sealed at one end with clear scotch tape. The sample space was filled with petroleum jelly, and the ends were sealed with the tape. The bioreduced samples were handled under an anaerobic atmosphere. Spectra were collected at room temperature (RT) using ∼50 mCi (1.85 MBq) (initial strength) 57 Co/Rh single-line thin sources. The Mössbauer bench (MB-500; WissEL, Germany) was equipped with a dual Mössbauer drive system to gather data simultaneously for two experiments. The velocity transducer (MVT-1000; WissEL) was operated in the constant-acceleration mode (23 Hz, (10 mm/s). Data were acquired on 1024 channels and then folded to 512 channels to give a flat background and a zero-velocity position corresponding to the center shift (CS or δ) of a metallic iron foil at room temperature. Calibration spectra were obtained with a 20-µm-thick R-iron foil (Amersham, England) placed in exactly the same position as the samples to minimize any error due to changes in geometry. The transmitted radiations were recorded with Ar-Kr proportional counters. The unfolded spectra obtained were folded and evaluated with the Recoil program (University of Ottawa, Canada) using a Voigt-based hyperfine parameter distribution method (17) .
The Mössbauer spectrum measured at room temperature (see Figure 1a in Supporting Information) showed a symmetric doublet (δ ) 0.36 mm/s and ∆Eq ) 0.69 mm/s) indicative of a poorly crystalline material. The Mössbauer spectrum is sensitive to the presence of goethite and hematite, and the presence of these crystalline phases was not observed. X-ray diffraction analyses also revealed lower crystallinity of the NiHFO, with evidence of only 2-3 broad lines in its spectrum (see Figure 1b in Supporting Information). The peaks at 35.5°and 62.5°were from HFO. More crystalline ferrihydrites have six lines in their XRD patterns.
Results
Chemical Behavior of the NiHFO. Previous studies have shown that coprecipitated metals with and adsorbed metals on HFO behave comparably in terms of adsorption/desorption behavior (14) . Phosphate (4.7 mmol/L) added to the incubation media sorbed to the NiHFO (Figure 1 ). Its sorption behavior was characteristic of an anion, increasing with decreasing pH and increasing positive surface charge on the sorbent (14) . At pH 7.15, the initial PO4 3-concentration of 4.7 mmol/L was decreased to 0.58 mmol/L by adsorption. The coprecipitated Ni 2+ showed contrasting behavior to PO4 3- but typical of that of a cationic metal (14) , with sorption increasing with increasing pH (Figure 1 ). A one-unit variation in pH in the circumneutral pH region leads to a log unit change in Ni 2+ (aq). The presence of media PO4 3-decreased Ni Figure 2 ). This was particularly pronounced in the PIPES-buffered treatments where 10-19% more Fe(II) was extracted by the strong acid ( Figure 2 ). In previous studies (7), unsubstituted and unaged HFO was reduced by CN32, in general, to a greater degree than the NiHFO. In the bicarbonate-buffered no-cell controls in this study, HClextractable Fe(II) was near the detection limit of the ferrozine assay for the dilutions measured and ranged from 0.09 to 0.23 mmol of Fe(II)/L.
The amount of Ni 2+ in the HCl extracts of the bioreduced NiHFO after 32 d incubation closely tracked total Fe (II+III) (see Figure 2 in Supporting Information). The proportion of metal, Fe or Ni, extracted by 0.5 mol/L HCl was consistently less than that extracted by 5.0 mol/L HCl, but the differences were greatest in those treatments that lacked PO4 3- . These results indicated that there was a greater proportion of crystalline mineral phases forming upon incubation, particularly in the absence of PO4 3- , and that the Ni
2+
, to the same extent as for Fe(II), was being incorporated into the crystalline phases. Consistent with the XRD and Mössbauer spectrum (see Figure 1 in Supporting Information), approximately 99% of the total Fe and 94% of the total Ni associated with the uninoculated (control) NiHFO were soluble in 0.5 mol/L HCl indicating that the aged material had not undergone significant conversion to more crystalline phases.
Bioreduction-Induced Solubilization of Metals. Concentrations of soluble Ni 2+ and Fe(II) were determined, at 14 and 32 d post-inoculation, on solutions passing a 0.2-µm filter. Previous results from experiments investigating the bacterial reduction of freshly precipitated HFO demonstrated that there was no difference in the Fe(II) concentrations of 0.2-µm or 1.8-nm filtrates (7) . As observed for the HClextractable metals, Ni 2+ (aq) closely tracked Fe(II)(aq) but at concentrations ranging from 7 to 23% of those for Fe(II)(aq) (Figure 3 ). At both sampling times, the concentrations of soluble metals were higher in the bicarbonate than in the PIPES-buffered solutions, and the presence of PO4 3-consistently resulted in lower Ni 2+ (aq) and Fe(II)(aq). The presence of AQDS did not have a consistent significant effect on the concentration of Fe(II)(aq) or Ni bioreduction (Figure 2) . A reasonable correlation, however, was noted between Fe(II)(aq) and Ni 2+ (aq) and pH (note final pH values in Figure 3b ). Consistent with Figure 1 , incubations with lower final pH tended to have higher concentrations of both Fe(II)(aq) and Ni 2+ (aq) than did those with high final pH.
Biomineralization of NiHFO. The XRD analyses of the bioreduced solids revealed extensive biomineralization in some treatments and little or none in others. Those solutions that lacked PO4 3-but contained AQDS, in either buffer, underwent the greatest biomineralization (Figure 4 , panels b and f). The biotransformed NiHFOs contained crystalline solids dominated by magnetite (Fe3O4) or a magnetite-like phase as inferred from the XRD patterns (d spacings). Bioreduced NiHFO in HCO3 -buffer without AQDS or PO4 3- showed, apart from broad lines (2-3-line ferrihydrite), peaks due to 6-line ferrihydrite and goethite [20°2-θ; d110] indicating microbiologic enhancement of the crystallization of HFO (Figure 4a ). An XRD pattern collected on solids from this same treatment after only 14 d of incubation contained more goethite than the 32 d material in (Figure 4a ). XRD peaks due to other Fe minerals were not evident except for the HCO3 --buffered solution containing AQDS and PO4 3- (Figure 4d ) where several small but well-defined peaks of siderite (FeCO3) and vivianite [Fe3(PO4)2‚8H2O] were observed. In the PIPESbuffered solution without AQDS or PO4 3- , there was extensive biomineralization of NiHFO to magnetite or a magnetitelike phase (Figure 4e) . 57 Fe Mössbauer spectroscopy is a relatively sensitive method for characterizing products, even minor phases, resulting from the bacterial reduction of synthetic and natural iron oxides (19) . In contrast to XRD, it provides information on compounds that do not exhibit long-range structural order (poorly crystalline materials) (20) . Common Fe minerals such as siderite and vivianite are readily distinguished from each other and from magnetite, goethite, etc. (21) . Experimental and simulated ( Figure 5 , panels d and h only) RT Mössbauer spectra of the bacterially reduced NiHFO from the various samples are shown in Figure 5 . An intense doublet dominated the spectra of those treatments that also exhibited modest Fe(III) reduction ( Figure 5 , panels a, c, e, and g) as indicated by HCl-extractable Fe(II) (Figure 2 ). Their Mössbauer spectra were similar to the doublet for the unreduced NiHFO (see Figure 1 in Supporting Information) although the high energy peak of the ferrous doublet was also evident (noted by *), indicative of <5% bioreduction. The spectra for bioreduced NiHFO samples incubated in bicarbonate or PIPES buffer with AQDS but without PO4 3-( Figure 5 , panels b and f) were characteristic of extensive conversion to magnetite, as indicated by poorly resolved sextets typical of tetrahedral and octahedral Fe in a magnetite-like solid. These spectra also displayed a doublet resulting from unreduced NiHFO (∼30% spectral area in the sample from the PIPES only treatment). Samples incubated with AQDS and PO4 3-( Figure  5 , panels d and h) revealed the presence of vivianite; siderite was also present in the bioreduced NiHFO incubated in bicarbonate buffer with AQDS and PO4 3- (Figure 5d ). Simulations indicated that 30% of the spectral area in the HCO3 --buffered sample with AQDS and PO4 3-was due to a combination of vivianite and siderite while 10% of the area in the PIPES buffer with AQDS and PO4 3-was due to vivianite. Residual NiHFO remained in these treatments at mass concentrations of 70 and 90%, respectively. The two peaks accounting for the vivianite spectra result from two, structurally distinct, Fe(II) site types in vivianite (22) .
Transmission electron microscopy of the bioreduced NiHFO in PIPES with 100 µM AQDS revealed the presence of randomly distributed nanometer-sized (10-50 nm) crystallites within a matrix of amorphous material (see Figure 3a in 
Discussion
Bioreduction of Aged NiHFO. The extent of HFO reduction and the partitioning of biogenic Fe(II) to solution and solid phases in batch CN32 cultures with HFO is a complex process that is sensitive to numerous factors including pH, rate of bacterial metabolism, electron donor type, and especially solution ion composition (7). The partitioning of Fe(II) to the aqueous phase and the nature of biominerals have been, in general, consistent with the phases predicted at equilibrium by thermodynamic calculations. Common biominerals formed from the bacterial reduction of HFO include magnetite, siderite, vivianite, and green rust [iron(II)/iron(III) hydroxide].
The presence of Ni 2+ coprecipitated with HFO at ∼5 mol % and solution composition strongly influenced the extent of NiHFO reduction and its biomineralization by CN32. In comparison to previous experiments with HFO conducted under essentially identical conditions (7), the extent of reduction of NiHFO was significantly less, particularly in the bicarbonate buffered solutions and in PIPES with AQDS and PO4 3- (Table 1) . Divalent metal cations, such as Ni 2+ or Co-(II), can slow the kinetics of transformation of HFO to crystalline iron oxides and/or change the composition and properties of the end product (1). Ni 2+ and Co(II/III) suppress the transformation of HFO into goethite and/or hematite, by stabilizing the coprecipitate against dissolution (24, 25) . Although divalent metal cations such as Zn 2+ have been shown to function as inhibitors of ferric reductase activity in Azotobacter vinelandii (26) , our experiments indicated that the impacts of Ni 2+ on the bioreduction of HFO were not due to noncompetitive inhibition of the biological reduction process. Pretreatment of cells in solutions of 0.5 mmol/L NiCl2 had little impact on the reduction of either Fe(III)-NTA or HFO (Figures 6 and 7) . Although the presence of exogenous Ni 2+ inhibited Fe(III)-NTA reduction, the effects were much more pronounced for HFO. In this latter , at 100 µmol/L, had no effect on the rate or extent of enzymatic reduction of U(VI) by Desulfovibrio desulfuricans (27) . These results point to physical-chemical effects (e.g., surface site blockage, dissolution inhibition) as the dominant factors controlling the extent of NiHFO reduction and biomineralization.
Effects of AQDS and PO4 3-on Bioreduction. Particularly striking were the interactive effects of AQDS and PO4 3-on the bioreduction process; the presence of AQDS significantly enhanced the extent of NiHFO bioreduction regardless of whether PO4
3-was present or not in either buffer (Figure 2 ) while the presence or absence of PO4 3-markedly influenced biomineralization (Figures 4 and 5) . AQDS has previously been shown to function as an electron shuttle between DIRB and iron(III) oxides, facilitating the rate and extent of reduction and relieving the requirement for cell-oxide contact (4, 7, 28, 29) . One exception to this was the lack of enhanced reduction of either Ni(II)-or Co(III)-substituted (at approximately 1%) goethite by S. putrefaciens (2) . The reason for the lack of enhanced reduction were unclear but may have been due to the Ni 2+ and Co(II/III) blocking goethite surface sites, slowing AH2DS-facilitated reduction, similar to the ability of strongly sorbing metal cations to inhibit acid dissolution by reducing surface protonation (30, 31) .
AH2DS because of its relatively high solubility, small size, and low E°(-184 mV at pH 7) is a facile reductant of iron(III) oxides and may access surfaces and surface sites that bacteria cannot. The mechanisms by which DIRB reduce solid-phase Fe(III) are poorly understood. The localization of c-type cytochromes in the outer membrane of S. oneidensis (32, 33) suggests that these organisms are able to establish a direct biochemical linkage between their electron transport system and the oxide surfaces. Therefore, the requirement for direct cell-oxide contact (34, 35) likely limits electron transfer, and the presence of AQDS or humic acids can partially overcome this limitation until other factors become limiting. Although recent research suggests that some Shewanella sp. produce extracellular quinones that can function as electron shuttles (36) , the extent to which microbial quinones facilitate iron-(III) oxide reduction is unknown.
Fe(II) sorption to oxide and cell surfaces has been implicated as an important factor controlling the rate and extent of bacterial reduction of iron oxides (5, 6) and the presence of NTA to promote solubilization of Fe(II) enhanced the reduction of goethite in direct proportion to its concentration (37) . The question therefore arises as to whether AQDS (or AH2DS) can complex Fe(II) and, if so, whether this might have contributed to the enhanced bacterial reduction of iron oxides. Although the concentrations of soluble Fe(II) following bioreduction for 14 or 32 d were moderately higher in solutions with AQDS (but without PO4 3- ) than in its absence (Figure 3) , it is clear that complexation effects could only account for a small fraction of the enhanced NiHFO reduction.
Although the presence of PO4 3-did not markedly influence the extent of NiHFO reduction (Figure 2) , it significantly impacted the concentrations of soluble Fe(II) and Ni 2+ , lowering their respective concentrations relative to the same treatment without PO4 3-in each case (Figure 3 ). The influence of PO4 3-on Fe(II) and Ni 2+ solubility is most likely due to adsorption effects ( Figure 2 ) and its ability to complex these metals and precipitate as Fe3(PO4)2‚8H2O (vivianite), Ni3-(PO4)2‚8H2O, or possibly a mixture of these phases. The presence of vivianite in the bioreduced samples with AQDS and PO4
3-was readily confirmed by Mössbauer spectroscopy ( Figure 5 , panels d and h). Ni 2+ forms isostructural double phosphates, e.g., Ni3(PO4)2‚8H2O (38) , and can probably substitute for Fe(II) in vivianite. In previous studies with Co-(II), we precipitated vivianite in the presence of dilute (Fe:Co was 100) Co(II), removing 99.8 and 98.8% of the Fe(II) and Co(II), respectively. The resulting vivianite coprecipitate produced an XRD pattern that was indistinguishable from specimen vivianite (2) . Ni 2+ is likely to exhibit a behavior similar to Co(II) given the similarities in their ionic radii.
The most marked effect of PO4 3-was on the biomineralization of NiHFO; in all cases where the bioreduction of NiHFO resulted in extensive conversion to a magnetite-like mineral (Figures 4 and 5, panels b, e, and f) , the corresponding treatments with PO4 3-lacked any evidence of magnetite (Figures 4 and 5, panels d, g, and h ). Magnetite can form rapidly at pH values at and above neutrality over periods of hours by topotactic conversion of HFO following Fe(II)(aq) sorption (39, 40) . Magnetite was a common product of HFO bioreduction by CN32 in PIPES and bicarbonate buffers with AQDS also in the absence of PO4 3-(7). Inorganic phosphate has been shown to severely inhibit the formation of magnetite from the oxidation of Fe(II) solutions, via a green rust intermediate, by either stabilizing the green rust precursor or inhibiting magnetite crystallization (41) . A phosphateto-iron ratio of 0.4 was sufficient to inhibit the nucleation and crystal growth of magnetite from Fe(II) solutions being oxidized by nitrate under basic conditions (42) . In our NiHFO (or HFO) bioreduction experiments, phosphate, present at a P:Fe ratio of ∼0.1, probably inhibited magnetite formation via similar mechanismsssorption to HFO and subsequent blockage of Fe(II) binding or via inhibition of magnetite crystallization. As shown in Figure 1 , 88% of the added PO4 3- was sorbed by the NiHFO at pH 7. It is of interest that the NiHFO in the PIPES and bicarbonate buffered solutions with PO4 3-but without AQDS showed no evidence of vivianite by Mössbauer spectroscopy. Mössbauer is capable of detecting vivianite at mass concentrations as little as 1%, despite reduction of ∼10% of the initial Fe(III) concentration (Table  1 ). The reasons for the lack of vivianite formation in these samples are unclear but are likely due to strong sorption of P to unreduced NiHFO. As the mass of NiHFO is reduced via bacterial reduction, PO4
3-is released, the Fe(II) concentration increases, and the solubility of vivianite is exceeded.
Partitioning of Ni 2+ during Bioreduction. The behavior of Ni 2+ closely tracked that of Fe in all treatments ( Figure 3 ). The bioreduction of NiHFO reduced the HCl extractability of Fe and Ni 2+ to similar degrees (Table 1) with the decrease being a function of the extent of bioreduction and mineralization. In treatments where the NiHFO was extensively converted to magnetite (Table 1) (Figure 4a ). Both goethite and 6-line ferrihydrite are more resistant to weak acid dissolution than 2-line ferrihydrite.
We have found magnetite generated from the bioreduction of HFO to be highly soluble in 0.5 mol/L HCl probably due to the relatively small particle size (tens of nanometers) (7), but the rate and extent of acid dissolution of crystalline iron-(III) oxides such as magnetite can vary significantly for different specimens of the same oxide (1). Degree of crystallinity, particle size/surface area, and metal substitution all can influence acid dissolution of iron oxides.
The similarity in behavior of Ni and Fe suggests that Ni 2+ was incorporated into the inverse spinel structure of magnetite. Previous studies have demonstrated that Ni 2+ substitutes for Fe(II), due to similarities in ionic radii and electronegativity, in the octahedral sites of magnetite (24, 42) . Diamandescu et al. (43) (2) . In fact, the presence of these inorganic ligands facilitated the reduction of the substituted goethites, probably by creating conditions where reduction was thermodynamically favored. In contrast, the current studies revealed that the presence of PO4 3-stabilized NiHFO against mineralization during bioreduction while AQDS (without PO4 3-) facilitated the conversion to magnetite. The current studies also showed minimal tendency for sideritization in HCO3
-buffer, in contrast to our previous findings with unsubstituted HFO (7) . The presence of coprecipitated Ni 2+ may have slowed reduction, yielding conditions kinetically suited to magnetite formation.
Equally complex are the reactions that influence the solubility of trace metals such as Ni during the bacterial reduction of HFO coprecipitates. comparably to HFO as their surface areas and chemical affinities for Ni 2+ are smaller than HFO. This last point is to a large degree speculative but is supported by related publications (see, for example refs 45-48) . In addition to solid phase change, bioreduction has also enriched the aqueous phase with soluble Fe(II) that competes with Ni 2+ for both surface and structural binding sites. Excess Fe(II)-(aq) has been shown to suppress Co(II)(aq) sorption to goethite, for example (2) . Thus, it is to be anticipated that trace metal solubilization may be a common outcome of bioreduction unless large concentrations of precipitation inducing anions (e.g., 4.7 mmol/L PO4 3- ) are present.
An interesting comparison that speaks to (i) the comparative effects Fe(II)(aq) competition and HFO depletion and (ii) the challenge of quantitative interpretation can be made with the treatments presented in Figure 5 , panels a (bicarbonate/no AQDS/no PO4 3- ) and b (bicarbonate/AQDS/ no PO4 3- ). These two experiments displayed comparable final pH (6.88-7.25 ) and the highest concentrations of Ni 2+ (aq) and Fe(II)(aq) (Figure 3 ) observed in all treatments. They differed markedly, however, in the composition of their final solid-phase assemblage ( Figure 5 ). The bicarbonate/no AQDS/no PO4 3-treatment showed no evidence for biomineralization (Figure 5a ) while the bicarbonate/AQDS/no PO4 3-treatment displayed the largest extent of biotransformation to magnetite (Figure 5b ). Despite these dramatic differences, the final Ni 2+ (aq) concentrations were almost identical, and correspondingly, so was the Nitotal/Fetotal ratio of the solid-phase residues, despite their different mineralogic composition. Speciation and solubility calculations showed that these final concentrations were over an order of magnitude below those saturated with Ni(OH)2(c). Thus, their concentrations were not simply controlled by solubility equilibria of Ni(OH)2(c). We speculate that the high final Ni 2+ (aq) concentrations in the Figure 5a experiment resulted from the competitive displacement of sorbed Ni 2+ by Fe-(II)(aq), while those in the Figure 5b experiment resulted from this same process occurring in combination with topotactic conversion to magnetite with concomitant fixation of Ni in the spinel structure. The magnetite formation in the experiment of Figure 5b was facilitated by the presence of AQDS. We suspect that sorption of Ni 2+ to the biogenic magnetite was minimal due to the high Fe(II)(aq) concentrations and the low divalent metal complexation strength of the magnetite surface (49).
In the studied described here in, Ni was shown to inhibit dissimilatory microbial reduction of amorphous iron oxide via abiotic mechanisms, but the presence of other compounds such as humic acids or phosphate significantly modified the extent of bioreduction, metal solubility, and the suite of biominerals formed. AQDS, previously used as a model of humic acid quinone components, facilitated the immobilization of Ni within the crystal structure of biogenic magnetite. Accurate predictions of the biogeochemical behavior of trace metals in surface waters or groundwaters require thorough knowledge of the aqueous and solid-phase geochemical properties of the system in addition to the microbial processes.
